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Abstract  
Shoulder joint is a complex integration of soft and hard tissues. It plays an important role in 
performing daily activities and can be considered as a perfect compromise between mobility and 
stability. However, shoulder is vulnerable to complications such as dislocations and osteoarthritis. 
Finite element (FE) models have been developed to understand shoulder injury mechanisms, 
implications of disease on shoulder complex and in assessing the quality of shoulder implants. 
Further, although few, Finite element shoulder models have also been utilized to answer important 
clinical questions such as the difference between a normal and osteoarthritic shoulder joint. 
However, due to the absence of experimental validation, it is questionable whether the constitutive 
models applied in these FE models are adequate to represent mechanical behaviors of shoulder 
elements (Cartilages, Ligaments, Muscles etc), therefore the confidence of using current models in 
answering clinically relevant question. The main objective of this review is to critically evaluate the 
existing FE shoulder models that have been used to investigate clinical problems. Due concern is 
given to check the adequacy of representative constitutive models of shoulder elements in drawing 
clinically relevant conclusion. Suggestions have been given to improve the existing shoulder 
models by inclusion of adequate constitutive models for shoulder elements to confidently answer 
clinically relevant questions.  
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Introduction 
Finite element models are increasingly being used in medical and biological research to understand 
and predict biomechanical phenomena (Erdemir et al., 2012). FEs popularity is due to its ability to 
predict complex situations and structures that are not usually been able to investigate 
experimentally. This is more profound in the area of biomechanics where experimentations are 
constrained by ethical considerations and the nature of biological materials itself. For example, thin 
tissues such as cartilages cannot be fully experimentally investigated without interruption to its 
structure or without involving experimental setups that requires significant costs (McLeod et al., 
2012; Oloyede and Broom, 1994). However, due to the anisotropic and non homogeneous 
properties of biological tissue and the ability to undergo nonlinear large deformations, considerable 
experimentations are essential to characterize them before being represented in FE models. 
Constitutive models which describes these characteristics play a critical role in defining accuracy of 
the model predictions which can significantly affect the decision made in clinical situations 
(Erdemir et al., 2012; Viceconti et al., 2005). Therefore, most FE shoulder models impose 
limitations or uncertainty in clinical applications due to the dependence on standard constitutive 
models provided by commercial FE modeling software.  
Applicability of FE shoulder models in clinical situations  
The amount of FE shoulder models are relatively less compared to that of knee and hip FE models. 
This is due to the fewer occurrences of shoulder replacements, osteoarthritis and the complexity of 
shoulder joint. However, recent studies have indicated remarkable increase in shoulder 
complications (Cutti and Veeger, 2009; Ecklund et al., 2007; Favre et al., 2009). Repetitive 
overhead injuries, automotive shoulder injuries, osteoarthritis and shoulder dislocations are some of 
them. Due to the ability to estimate internal characteristics such as stresses within a joint, FE 
analysis serves as a potential tool to investigate into mechanisms of shoulder pathologies. 
Therefore, FE method is being increasingly being used to identify reasons for shoulder 
complications and to answer clinically relevant questions. Following clinical situations has a 
potential to be investigated using numerical shoulder modeling (Favre et al., 2009). 
 
 Glenohumeral instability  
Glenohumeral joint is the most frequently dislocated joint in human body. Due to considerable 
large forces and torques simultaneously acting on the shoulder, it is very common in rugby players, 
construction workers etc. People performing less strenuous activities are also found to dislocate 
shoulder frequently with comparison to other major joints. Role of muscle action, glenohumeral 
surface shape, capsule and ligaments on shoulder stability have been extensively investigated 
(Favre et al., 2009). However, there are numerous cases exact reason for shoulder dislocation is still 
unclear which prevents treatment strategies ineffective. In such kind of situations, FE shoulder 
models can be used to investigate possible reasons for shoulder dislocation which can assist as a 
diagnostic tool. For example, Drury et al.(2011) investigated the possibility of proposing standard 
joint position for physical examination. From their study, 60deg glenohumeral abduction and 20-
40deg of external rotation were identified as the joint positions where shoulder stability provided by 
the capsule is consistent among patients. 
 
 Rotator cuff tears 
The main function of rotor cuff muscles is to keep the humeral head and glenoid intact. Rotor cuff 
tendon tears have been identified to be common in elderly people with age above 60 years. It has 
been hypothesizes that this is mainly due to the accumulated damaged during the course of lifetime. 
Cuff tears can lead to pain, instability, dysfunction and osteoarthritis. It eventually may affect the 
humeral head and glenoid conformity which lead to joint replacement. Exact roots and process of 
rotor cuff tears are not yet being fully understood, which makes it difficult to prescribe the best 
treatment method. FE models has provided evidence on high stress concentration around the 
subacromial impingements which can eventually lead to rotator cuff tears (Luo et al., 1998). These 
models, with improvements, can be further developed and be used to analyze the pathomechanics of 
rotor cuff tears. 
     
 Shoulder osteoarthritis   
Shoulder osteoarthritis is a degenerative joint disease characterized by gradual mechanical and 
biochemical breakdown of glenohumeral articular cartilage. Although not as common as other joint, 
shoulder osteoarthritis is becoming increasingly relevant (Millett et al., 2008). Shoulder 
osteoarthritis, which starts from articular cartilage, will eventually affect the joint capsule, muscles 
etc. and will lead to the loss of shoulder function. The etiology of primary osteoarthritis is unknown 
but shoulder trauma, chronic dislocations, infections or chronic rotor cuff tears have known to lead 
to secondary osteoarthritis (Millett et al., 2008). FE shoulder models have been used to identify the 
effect of change in bone shape due to osteoarthritis on muscle forces (Büchler et al., 2002). There is 
still lot of potential for these FE models to investigate how muscles, capsule etc. are affected during 
different stages of osteoarthritis.   
 
 Shoulder arthroplasty  
Partial and total shoulder joint replacements have increased over the last decade. After few years of 
shoulder replacements, loosening of glenoid component and joint instability has been reported by a 
large number of patients. Reasons for glenoid loosening has been investigated and is mainly 
attributed to implant design, implant wear, surgical technique employed and eccentric implant 
loading. Replaced glenohumeral joint have been identified to become unstable over time and the 
stability issues with different implant design are still in the process of investigation. For example, 
although reverse prosthesis provides higher stability during the course of life time they need to be 
replaced frequently. FE shoulder models are currently being used to assist the design of shoulder 
prosthesis. To an extent, they have been able to propose appropriate size, type and position of the 
prosthesis and guide the optimization of soft tissue tension and force balance (Favre et al., 2009). 
FE shoulder models  
FE models investigating of shoulder has mainly focused on predicting shoulder injuries, identifying 
the implications of osteoarthritis, predicting joint dislocations and the effect of shoulder implants on 
shoulder function. Due to the complexity of the shoulder, unavailability of mechanical 
characteristics of shoulder elements and the computational cost of simulation, these FE shoulder 
models has been simplified to a considerable extent. Most of the time, these simplifications were 
based on logical arguments, yet they can compromise the model to an extent that can lead to 
significantly different outcomes (Favre et al., 2009; Hopkins et al., 2005). 
 
FE shoulder and thorax models are widely being used to predict bone fractures in automotive side 
impact accidents. In several studies, attempts have been made to improve whole body HUMOUS 
model. In a study carried out by Duprey et al.(2007), finer meshing, accurate thickness descriptions 
and geometries of scapula, cervical and humerus have been included with an objective to improve 
the predictability of bones fracture. However, the numerical predications overestimated the risk of 
injuries and were not able to predict series of fractures. Later, Duprey et al.(2010) geometrically 
personalized the clavicle bone to account for the variation in subjects. However, significant 
improvement was not identified. In a similar side impact study with same objectives, Astier et 
al.(2008) pointed out that non inclusion of joint components is one of the main reason that their 
simulation couldn’t predict peak contact forces. Since these models are not catered for clinical 
studies although they can predict global deformations, they are not accurate in predicting local 
stresses and strains due to the over-simplified material models.  
 
Modification for the aforementioned models has been carried to answer clinically relevant questions 
such as assessing the intramedullary nailing treatment for restoring midshaft fracture of humerus. 
Due to the interest of bone fracture in most of the automotive side impact studies, significant 
emphasis has put to identifying the mechanical characteristics of cervical, humerus and scapula 
(Astier et al., 2007). But soft tissue characteristics of shoulder complex are yet to be extensively 
investigated.  
 
In automotive side impact studies, to assess the relationship between shoulder injuries and multiple 
rib fractures, Iwamoto et al.(2001) developed a FE shoulder model. Cartilages were modeled as 
linear isotropic elastic. Acromoclevicular cartilage and glenohumeral cartilage has been assumed to 
be consisting of same material properties. It should be noted that cartilages is not absolutely linear 
elastic. Furthermore, mechanical properties of cartilages vary with anatomical location and has 
dependency on the loading and function in the specific joint (An and Martin, 2003). Therefore, 
looking at the functionality and possible amount of loading on acromoclevicular and glenohumeral 
joints, it can be stipulated that the hypothesis of similar properties for the both joints in not 
acceptable and fracture prediction could have been improved by inclusion of representative 
constitutive models.  
 
Computational and experimental studies has considered glenohumeral capsule as a structure with 
several ligaments without any interaction with each other. But, according to recent findings, using a 
FE model for shoulder joint, Moore et al.(2010) stated that capsule should be considered as a single 
sheet of fibrous tissue. In order to determine the effect of changes in labrum thickness and modulus 
on labrum and glenohumeral capsule, physical examination for anterior instability has been 
numerically simulated (Drury et al., 2010). This study supports the observation that age related 
labrum complication is related to tissue degeneration. By using a FE model, Ellis et al. (2010) 
pointed out that 30deg and 60deg of external rotation at 60deg abduction would results in higher 
strain in glenoid side of inferior glenohumeral ligament (IGHL) than humeral side. Similarly, this 
FE model can be used to identify the joint positions at which strain are high at humeral side of 
IGHL which could facilitate clinical exams for shoulder instability such as ‘simple translation test’. 
Further, Drury et al.(2011) demonstrated that it is possible to establish standard joint positions that 
clinicians can use to diagnose pathology in the anterior-inferior capsule following shoulder 
dislocation. 
 
During the aforementioned studies on IGHL and capsule, standard constitutive models have been 
used for soft tissues and the parameters have been calibrated to fit the experimental data. Cartilage 
has mostly being represented as a rigid body. This is because capsule strains have not been found to 
be significantly affected by representing cartilage as Neo-Hookean or rigid body (Ellis et al., 2007). 
But it has been identified that Neo-Hookean may not be a good model to represent cartilages 
(Oloyede et al., 2009). A better option is to assess the standard hyperelastic laws to identify the best 
model to be used in cartilages and then use it in a FE modeling of shoulder.  
 
FE shoulder models are a popular tool to investigate in to glenoid fixation and loosening. Various 
designs of cemented glenoid component (Lacroix and Prendergast, 1997), shape of the prosthetic 
humeral head (Büchler and Farron, 2004), glenohumeral conformity (Terrier et al., 2006), effect of 
the cement mantel thickness on the bone–cement interface (Terrier et al., 2005) and effects of 
glenoid component alignment variations on cement mantle stresses has been researched (Hopkins et 
al., 2004). Comparison of peg or keeled glenoid anchorage system for normal and rheumatoid 
arthritis situation has been investigated by Lacroix et al.(2000). Acromion fixation in glenoid 
components has been found to be non advantageous (Murphy and Prendergast, 2005) and 
uncemented design has been proposed to be a reasonable alternative to fixation with cement (Gupta 
et al., 2004). Further, amount of glenoid retroversion has been identified to be a significant factor in 
determining the stresses within the cement mantel (Farron et al., 2006). These studies have 
significantly contributed to the understandings of shoulder prosthetic design and have the potential 
to further broaden the understanding related to glenoid fixation and loosening.  
 
In investigating the reasons for rotator cuff tears using a 2D FE model, Wakabayashi et al. (2003) 
was able to predict the high stress concentration on articular side of supraspinatus tendon near its 
insertion which is related to clinical finding of frequent rotator cuff tears on this side.  Sano et 
al.(2006) investigated the stress distribution in rotator cuff tendon by introducing 3 types of partial 
thickness tears, namely articular-side tear, bursal-side tear and intratendinous horizontal tear. 
During all three tears high stress concentration has been shown to be around the articular surface at 
the insertion and at the site of the tear. Further, Adams et al.(2007) after investigating the effects of 
morphological changes of rotor cuff tendons stated that reduction in strength after cuff tear is due to 
reduction of muscle moment arms. 
 
One of the main challenges in using FE shoulder models in predicting, analyzing and proposing 
solution to clinical problems lies in the fact that material models employed in the FE analysis does 
not reflect the true behavior of the biological material. Rather the models employed are idealized or 
simplified and parameters have been extracted from studies that may not represent the current 
research problem.  
Constitutive relationships employed in FE shoulder models  
Due to the complexity of the shoulder structure, FE models do not include all the shoulder 
elements. According to the problem of interest, some shoulder elements such muscles (Hopkins et 
al., 2005) has been discounted with reasonable assumptions. Most of the time, models have been 
further simplified by the use of existing constitutive models which idealize the mechanical behavior 
of the shoulder elements. Therefore, these models cannot be confidently used in clinical situations 
where accurate predication and simulation of physiological conditions are required. 
 
Following Table 1 summarizes constitutive models employed for shoulder elements in five existing 
FE shoulder models. In analyzing the following table, general facts can be identified and their 
implication on accuracy of FE models has been discussed in the next section.  
I. Material properties of muscles have been extracted directly from animal studies without 
accounting for the variation in species. 
II. Properties of shoulder cartilage have been extracted from knee joint which may 
considerably be different from that of shoulder. It is well known that properties of biological 
tissue depend on the loading it is subject to and hence the location. Therefore, it is obvious 
that cartilage in shoulder and knee should have different properties.  
III. It is convenient and reasonable to use standard constitutive models readily available in 
commercial software to represent shoulder elements. But experiments are required at least to 
check the best standard available model.   
IV. In most of the cases presented in the table, loading conditions to be simulated in the FE 
model is not available in the literature or parameter estimation has been performed for one 
loading condition while in reality different loading conditions can simultaneously occur. 
Therefore, the confidences on the validity of the obtained parameters are low (Refer to 
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Effect of constitutive models on accuracy of the FE model predictions 
Constitutive relationships mathematically present the mechanical behaviors of materials under 
different boundary and loading conditions. They provide a relationship between variables, for 
example stress and strain, which is specific to a given material. It should be noted that, most of the 
time the material constitutive relationship is not possible to represent the characteristics of a 
structure completely. However, the assumptions made during formulation of the constitutive 
relationship should be reasonable and the loading and boundary conditions employed in experiment 
to identify the parameters of the relationship should closely refer to the physiological situation 
(Erdemir et al., 2012). 
 
In most FE studies constitutive models employed can significantly affect accuracy of model 
prediction (Favre et al., 2009). Hence, their predictions about clinical situations should always be 
considered with a caution. For example, if stress-strain experimental data of  indentation test for 
cartilage is considered, it can be hypothesized that solid skeleton stress of articular cartilage follows 
a hyperelastic function which has dependency on the amount of strain rate (Oloyede et al., 2009). If 
cartilage was represented in FE shoulder models as an ideal hyperelastic material which is strain 
rate independent, the model prediction can significantly be different from the correct value. 
Therefore, constitutive models of cartilage should account for the effect of strain rate in 
physiological situations where its effect is significant. 
 
Due to the anisotropic and non homogeneous deformation character of the biological materials 
parameters obtained from one loading and boundary condition would not exactly reflect the 
mechanical behaviors of the material. Reasonable assumptions can be made with an insight into the 
material structures and a similar kind of materials tested earlier in similar physiological situations. 
But the constitutive model formulation and parameters should account for different loading 
condition that is of interest to be investigated using FE model. Therefore, following points should 
be taken into account in constitutive model selection and parameter estimation for FE modeling.  
I. If formulating constitutive models are not of an interest to the study, the best available 
constitutive model should be chosen by fitting to experimental data obtained from different 
loading conditions and analyzing the error variation and correlation coefficients. 
II. Material constants should be determined by fitting the chosen constitutive model to 
experimental data obtained for all the loading condition of interest to the problem.  
III. Data fitting procedure should consider the effects of initial guess and multiple global 
optimum parameters on the final accuracy of the FE prediction.   
IV. Experimental procedures and loading modes used to determine the shoulder material 
constants should closely reflect the physiological conditions.   
V. In using material constants for FE models, whether parameters are derived from a one 
sample or average has to be considered. 
 
Conclusion  
Potential use of FE shoulder models to answer clinically relevant questions has been well 
recognized in this paper. However, there are still many challenges in developing FE shoulder 
models, which can be used to confidently predict clinical outcomes. One of the main limitations of 
current FE shoulder models is the lack of adequate constitutive models and mechanical properties 
of shoulder elements. Although significant amount of investigation in identifying material 
behaviors of shoulder bones have been conducted, it is evident from the literature that there are 
several important shoulder soft tissues that have not being characterized properly. Rotor cuff 
tendons, bicep muscles and glenohumeral cartilage are some of them.  
 
Finally, it is not essential to create perfect FE shoulder models to investigate a clinical problem of 
interest. Rather focus should be to incorporate sufficiently accurate representation of shoulder 
elements in FE model which can represent the problem. Characterizing shoulder elements and 
development of constitutive models will greatly assist in improving the confidence of using FE 
shoulder models to understand clinical problems. 
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